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a b s t r a c t
The near future change in productivity of photovoltaic energy (PVE) in Europe and Africa is assessed by
using the climate variables simulated by the ECHAM5-HAM aerosol-climate model, and a model for the
performance of photovoltaic systems. The climate simulations are forced by green-house gases
emissions from the IPCC SRES B2 scenario. In addition, different scenarios for future anthropogenic
aerosols emissions are applied. Thus, the sensitivity of the future PVE productivity to changes in aerosol
atmospheric burdens between 2000 and 2030 is analyzed. The analysis indicates that reductions in
aerosols emissions in the near future result in an increase of global warming, and a signiﬁcant response
in surface solar radiation and associated PVE productivity. A statistically signiﬁcant reduction in PVE
productivity up to 7% is observed in eastern Europe and northern Africa, while a signiﬁcant increase up
to 10% is observed in western Europe and eastern Mediterranean. The changes in surface solar radiation
and PVE productivity are related to global effects of aerosols reduction on the large scale circulation and
associated cloud cover pattern, rather than to local effects on the atmospheric optical properties. PVE
assessment is then discussed in the frame of the present situation and next decades evolution of the
photovoltaic market, highlighting that the effects on productivity induced by industrial and public
policies, and technological development are comparable to climate related effects. The presented results
encourage the improvement and further use of climate models in assessment of future renewable
energies availability.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction
The nexus between renewable energies (RE) and climate has
been often investigated in the perspective of the impact on global
climate deriving from an increased penetration of renewable
sources in the world energy mix, and the associated reduction in
carbon dioxide emissions [1,2]. The possibility of fully replacing
the pre-existing energy with RE by 2050 has been explored [3,4],
suggesting that the barriers to the development of such a plan are
primarily social and political [5]. On the other hand, technological
and economic limits to high penetration of RE in the electric
power system still exist [6], mostly concerning the grid ﬂexibility
and energy storage required to incorporate electricity generation
from intermittent sources into the transmission grid [7,8]. Never-
theless, the nexus has a second direction too, as climate change is
also expected to act on the meteorological variables ultimately
governing the availability and geographical location of several
renewable resources. Scientiﬁc literature on this topic is relatively
scarce, and the IPCC itself has pointed out that “Climate change
will have impacts on the size and geographic distribution of the
technical potential for Renewable Energy sources, but research
into the magnitude of these possible effects is nascent” [1].
Among RE resources, electricity generated by solar photovoltaic
modules is showing a fast growth, with an expected capacity of
135 GW to be installed by the end of 2013 worldwide [9]. With
such expectations and consequent investments being mobilized by
the photovoltaic sector, it makes sense to analyze how and to what
extent the current photovoltaic potential could be affected in the
next decades by the expected changes in the climate patterns, in
terms of both energy output and infrastructure vulnerability [10].
However, despite the growing interest, only few studies have
investigated directly the impact of climate change on photovoltaic
energy production, compared with other renewable sources as hydro
and wind power [11]. Some studies, based on climate models
projections, estimate by the end of 21st century no or slight increase
in Europe [12–14], few percent increase in China [15], and few percent
decrease in western USA and Saudi Arabia [15].
The photovoltaic energy (PVE) productivity is related to solar
radiation and temperature at the surface of the photovoltaic
modules. Solar radiation and temperature are in turn affected by
the optical properties of the atmosphere, and in particular, to its
aerosols content. Indeed, aerosols interact directly with the solar
radiation through scattering and absorption [16], and lead to
temperature changes with consequent evaporation of cloud
droplets [17]. Moreover, aerosols affect the cloud properties,
enhancing cloud albedo by means of an increase in the number
of cloud droplets [18], and prolonging cloud lifetime through the
formation of smaller droplets which lower the precipitation
probability [19].
Understanding the chemistry and dynamics of the aerosols, and
their inclusion in climate models, are fundamental steps to
improve the description of climate variability [20]. In the context
of climate change, a realistic simulation of the observed increasing
temperature trend over the 20th century is possible only con-
sidering the combined impact of anthropogenic green-house gases
(GHG) and aerosol emissions [21]. In particular, a reliable assess-
ment of climate change in the near term, i.e., the next 20–30 years,
requires climate models capable of correctly including the role of
aerosols, because of the short atmospheric lifetime of aerosols, and
because the emissions of aerosols and aerosols precursors are
nowadays more effectively regulated than GHG [22–24]. The near
term climate change and the role of aerosols are particularly relevant
for the assessment of future PVE resources, in which exploitation is
based on technologies with 20–30 years lifetime [25,26], and
strongly affected by the radiative properties of the atmosphere. As
an example, the global abatement of the anthropogenic aerosols
emissions is expected to produce a radiative forcing up to around
3W/m2 at the top of the atmosphere over European Union [22], and
this forcing may triple at the surface [27], which equals around 6–9%
of the yearly electricity generated in the European Union countries by
a typical photovoltaic system [28].
The objective of this work is to assess the near future (2030)
availability of PVE in Europe and Africa, with a focus on the
sensitivity of PVE resources to different concentrations of anthro-
pogenic aerosols. PVE is estimated through a model for photo-
voltaic performance which uses as input the solar radiation and air
temperature data from a state-of-the-art aerosol-climate model.
The effect of the aerosols concentrations on PVE is evaluated by
performing climate simulations under different future emission
scenarios of anthropogenic aerosols and aerosol precursors.
The paper is structured as follows: the aerosol-climate model,
the emission scenarios, the experimental setup, and the photo-
voltaic performance model are detailed in Section 2; the near
future climate simulations and PVE assessment are presented in
Section 3; the relationship between PVE availability and the
current and expected photovoltaic market risks and opportunities
is discussed in Section 4; conclusions are drawn in Section 5.
2. Data and methodology
2.1. The ECHAM5-HAM aerosol-climate model
The ECHAM5-HAMmodeling system is based on the atmospheric
general circulation model ECHAM5 [29] coupled to a mixed layer
ocean model [30], and extended by the microphysical aerosol model
HAM [31] and a cloud scheme with a prognostic treatment of cloud
droplet and ice crystal number concentration [32].
ECHAM5 solves the prognostic variables (vorticity, divergence,
surface pressure, temperature, water vapor, cloud liquid water, and
cloud ice) on a T63 horizontal grid (about 1.81 on a Gaussian Grid),
and 31 vertical levels from the surface up to 10 hPa. Fractional
cloud cover is predicted from relative humidity according to
Sundquist et al. [33]. The shortwave radiation scheme includes
6 bands in the visible and ultraviolet [34].
The microphysical aerosol module HAM predicts the evolution
of an ensemble of interacting aerosol modes and is composed of
the microphysical core M7 [35]; an emission module for SO2, black
and organic carbon, and mineral dust particles; a sulfur oxidation
chemistry scheme using prescribed oxidant concentrations for OH,
NO2, O3 and H2O2 [36]; a deposition module; and a module
deﬁning the aerosol radiative properties. The HAM module treats
the aerosol size distribution, mixing state, and composition as
prognostic variables. The aerosol optical properties are explicitly
simulated within the framework of the Mie theory, and provided
as input for the radiation scheme in ECHAM5 [31]. The model
simulates interactively climate sensitive natural emissions such as
dimethyl sulﬁde, sea salt, and dust emissions.
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2.2. Emission scenarios
GHG concentrations used in the numerical experiments are taken
from the IMAGE 2.2 implementation of the SRES B2 scenario [37].
The SRES B2 storyline describes a world with intermediate popula-
tion and economic growth, in which the emphasis is on local
solutions to economic, social, and environmental sustainability.
The anthropogenic emissions of carbonaceous aerosols, namely
black carbon (BC) and organic carbon (OC), and sulfur dioxide
(SO2), the main precursor of sulfate aerosols, are extracted from an
aerosol emission inventory developed by the International Insti-
tute for Applied System Analysis. Two possible future develop-
ments are considered: current legislation (CLE) and maximum
feasible reduction (MFR) [38]. CLE assumes the full compliance of
the presently decided control legislations for future developments,
while MFR assumes the full implementation of the most advanced
available technologies. These scenarios are built using the projec-
tion of human activity level (industrial production, fuel consump-
tion, livestock numbers, crop farming, waste treatment and
disposal) based on current national perspectives on the economic
and energy development up to 2030, in regions where data are
available. Elsewhere, the economic and energy future trends
estimated in the IPCC SRES B2 MESSAGE scenario [39,40] are
considered. Biomass burning emissions, both of anthropogenic and
natural origin, are assumed as for 2000. Finally, changes in land
use are not taken into account.
2.3. Experimental setup
The climate simulations analyzed in this study have been
performed by Kloster et al. [22], and in the framework of the
FP6-EUCAARI project [41]. The near future changes in climate and
PVE are assessed by analyzing the differences between the year
2030 and the present-day (year 2000) conditions reproduced in
climate equilibrium simulations. A 100-yr control simulation is
performed with present day (year 2000) GHG concentrations,
aerosol and aerosol precursor emissions. Three 60-yr sensitivity
experiments are performed for the year 2030, using GHG concen-
trations from the SRES B2 scenario, and three different combina-
tions of aerosols emissions scenarios: (1) in the 2030GHG
experiment, aerosols emissions are kept at the 2000 level; (2) in
the 2030CLEMFR experiment, MFR is assumed in continental
Europe and CLE elsewhere; (3) in the 2030MFR experiment, MFR
is assumed worldwide. The 2030GHG experiment, in which only
GHG concentrations change, while the emissions of aerosols and
aerosols precursors remain at the year 2000 level, is performed to
disentangle the effects of changes in GHG concentrations. The
experimental setups, along with the 2030–2000 differences in the
global averages of the anthropogenic aerosols emissions, are
summarized in Table 1.
The climate simulations are analyzed after the model reaches
an equilibrium state. To this aim, only the last 60 and 30 years are
used in the control and sensitivity experiments to compute annual
averages. The statistical signiﬁcance of the simulated differences is
measured by a Student's t-test at 95% level of conﬁdence.
2.4. ECHAM5-HAM evaluation
The ECHAM5-HAM capability in correctly reproducing climate
variables, radiative balance, and aerosol dynamics has been
assessed and validated in several studies [22,23,31,42,43]. How-
ever, a brief evaluation of the model is presented in the
Supplementary material online (Section S1) for the climate vari-
ables which are relevant to the PVE assessment, namely surface
solar radiation (SSR), 2-meter air temperature (T2), and total cloud
cover (TCC, deﬁned as the grid-box fraction covered by clouds). T2
is used to represent temperature at the surface of the photovoltaic
modules, which affects negatively PVE productivity reducing the
performance by 0.5% for every 1 K increase [10]. TCC is also
important in the PVE assessment for its strong negative relation-
ship with SSR [44,45].
ECHAM5-HAM shows generally small biases in reproducing the
observed climate drivers for the photovoltaic performance model
in Europe and Africa. Speciﬁcally, signiﬁcant T2 differences are
around 1 K, with few isolated locations in eastern Equatorial Africa
and Scandinavia reaching 2 K or higher differences, while signiﬁ-
cant SSR differences peak at 30–40 W/m2, corresponding to 10–
20% of the observed SSR. However, the absolute bias in the drivers
is less relevant, as the objective of this analysis is the response of
the photovoltaic performance model to the future changes in the
climate drivers, with a speciﬁc focus on the role of the anthro-
pogenic aerosols emissions.
2.5. Photovoltaic performance model
The photovoltaic performance model used in this study inte-
grates climate variables in a model for inclined-plane irradiation
and photovoltaic system output [28,46–48]. The photovoltaic
modules are assumed to be mounted in a ﬁxed position, facing
equator, and at the local optimum angle for maximum yearly
energy yield [48]. The effect of module temperature and irradiance
on photovoltaic module efﬁciency is accounted for by using the
model presented in Huld et al. [49,50], which includes the effects
of shallow-angle reﬂectance [51], while other losses in the system
(e.g., inverter losses, resistive losses in cables) are assumed to
remain constant. The effect of snow and dust cover is not included
in the calculation. For the present calculation, the modules are
assumed to use crystalline silicon photovoltaic cells, the most
prevalent photovoltaic module type nowadays. PVE productivity is
computed for a typical day in the month, by using the monthly
averages of global and diffuse horizontal irradiation, and daytime
temperatures at the surface of the modules.
As diffuse irradiation is not a direct output variable of ECHAM5-
HAM, its estimate is necessary before using it in the photovoltaic
performance model. The key assumption is that the percentage of
diffuse irradiation, R, remains constant in different climates, that is
R¼D=G¼ const
where D and G are the monthly diffuse and global irradiation,
respectively. This assumption is possible because the computation
of irradiation on an inclined plane is not strongly dependent on R,
Table 1
ECHAM5-HAM experimental setup and references, and 2030–2000 percentage differences in the global anthropogenic aerosols emissions.
Experiment GHG Aerosols emissions 2030–2000 Emissions change References
BC SO2 OC
2000 2000 2000 [22]
2030GHG 2030 2000 [22]
2030CLEMFR 2030 2030 CLE worldwideand MFR in Europe 13% þ1% 8% [41,43]
2030MFR 2030 2030 MFR 27% 42% 12% [22,43]
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and the error can be considered negligible. The discussion of using
constant monthly R is beyond the scope of this manuscript,
however more details can be found in the Supplementary
material online (Section S2). For the present study, R is estimated
from irradiation data derived from the SEVIRI and GERB instru-
ments on board the Meteosat Second Generation satellites [52,53],
thus the diffuse irradiation for ECHAM5-HAM simulations, DS, can
be computed by using SSR as an estimation of G, so that
DS ¼ R  SSR:
The photovoltaic performance model uses the daytime tem-
perature proﬁle, which is approximated with a 3rd order poly-
nomial
TðtÞ ¼ k3t3þk2t2þk1tþk0;
where T is the temperature at time t. The coefﬁcients kn can be
estimated through a linear ﬁt of the monthly means of tempera-
ture at sub-daily steps. Since the ECHAM5-HAM time step is 6 h,
three daytime values (at 6:00, 12:00, and 18:00) are not enough to
solve the above linear system; therefore the daytime temperature
proﬁles in the numerical experiments are estimated from observa-
tions. For the present-day simulation, it is assumed that the
difference between observed and simulated temperature remains
constant during daytime, so that the proﬁle is unchanged. Simi-
larly, for future climate it is assumed that the temperature change
related to global warming affects all times of the day equally.
Therefore, the daytime temperature proﬁle in the climate simula-
tions, TS, is obtained by adding to the observed temperature
proﬁle, described by the polynomial expression, the difference,
ΔT, between the monthly means of observed and simulated
temperature
TSðtÞ ¼ TðtÞþΔT ¼ k3t3þk2t2þk1tþk0þΔT :
The observed daytime temperature proﬁle is computed using
data extracted from the ERA-interim data set [54] in the period
2005–2009.
3. Results
In this section, the climate variables relevant to the estimation
of PVE productivity are analyzed, by comparing the 2030–2000
differences in the three emissions scenarios, and by discussing the
dynamical mechanisms explaining the near future changes. The
response of PVE productivity to climate change is ﬁnally described
and discussed in the frame of the evolution of PVE market. The
near future PVE assessment is limited to Europe and Africa
because of the coverage of the MSG irradiation data [52] needed
to compute the diffuse irradiation (see Section 2.5).
3.1. Near future climate change
The 2030–2000 difference in T2 for the three aerosols emis-
sions scenarios is displayed in Fig. 1. A global signiﬁcant warming
is observed in the three experiments, along with a pronounced
north–south inter-hemispheric gradient. The intensity of the
global warming is directly related to the aerosols emissions re-
duction, with an average warming of 1.3 K in the 2030GHG
simulation, 1.5 K in the 2030CLEMFR simulation, and 2.5 K in the
2030MFR simulation. Also the inter-hemispheric gradient depends
on the emissions scenarios, with the Northern Hemisphere being
0.7 K warmer than the Southern in the 2030GHG experiment,
0.9 K in 2030CLEMFR and 2.0 K in 2030MFR. The increase in global
warming and inter-hemispheric thermal gradient (summarized in
Table 2) is mainly related to the action of sulfate aerosols on the
atmospheric reﬂectivity of solar radiation, i.e., a reduction in the
sulfate aerosols burden results in an atmospheric warming [23].
SSR (Fig. 2) shows signiﬁcant positive changes in the Tropics, at
mid and high latitudes, and negative changes in the sub-Tropics in
all the 2030 simulations. The extension and intensity of the
simulated changes increase as the aerosols emissions decrease,
conﬁrming that the climate change signal related to GHG increase
is augmented by the reduction of anthropogenic aerosols emis-
sions. This aspect is widely discussed by Kloster et al. [22,23], who
highlighted that a reduction in aerosols emissions, without any
intervention on GHG, improves air quality, with a positive impact
on human health, but may produce, on the other hand, a strong
increase in the global radiative forcing.
SSR variability is primarily driven by cloudiness [44,45], and
this is evident when computing the 2030–2000 TCC differences in
the three scenarios. The latitudinal distribution of TCC differences
displayed in Fig. 3 reﬂects the SSR pattern in Fig. 2, with reduced
(increased) cloudiness over northern sub-Tropics and mid-lati-
tudes, and southern Tropics (northern Tropics) corresponding to
increased (reduced) SSR in the same regions.
The simulated changes in cloudiness suggest a future climate
characterized by modiﬁcations in the atmospheric circulation
[55,56]. This hypothesis is veriﬁed by further analyzing the
2030MFR experiment, which shows the most intense change
compared to the year 2000. The 2030MFR–2000 differences in
T2, averaged in boreal summer (June–September, JJAS) and winter
(December–March, DJFM), present a signiﬁcant global increase
characterized by a north–south inter-hemispheric gradient, with
higher values in boreal winter. Speciﬁcally, the global increase is
2.1 K in JJAS, and 2.8 K in DJFM, while the north–south gradient is
1.8 K in JJAS, and 3.0 K DJFM (Table 2). The seasonal means of the
global warming and inter-hemispheric thermal gradient computed
for the 2030GHG and 2030CLEMFR experiments reﬂect the beha-
vior of the annual means, with increasing values as the aerosols
emissions decrease, and the winter values higher than the summer
ones (Table 2). The global warming and inter-hemispheric thermal
gradient affect the intensity and location of the intertropical
convergence zone [57]. In boreal summer, it results in an intensi-
ﬁcation of the monsoonal regime and associated cloudiness over
northern Africa and southern Asia (Fig. 3c), and a strengthening of
the Hadley meridional circulation which produces downward
vertical motions, and associated subsidence and clear sky condi-
tions at subtropical latitudes [58] (Fig. 3c). In boreal winter, the
land–sea thermal gradient in the Northern Hemisphere contrasts
the high pressure belt over the American and Eurasian continents
with lows over the Atlantic and Paciﬁc oceans, resulting in a
modiﬁcation of the midlatitude atmospheric circulation and asso-
ciated storm-track (not shown). Speciﬁcally, a high-low pressure
dipole is forced in the Euro-Atlantic sector, and it orientates the
westerly ﬂow toward the Scandinavian peninsula, with a conse-
quent excess of cloudiness over the North Atlantic storm-track
(Fig. 3c).
3.2. Near future PVE assessment
The year 2000 annual PVE production estimated for Europe and
Africa by using the ECHAM5-HAM data into the photovoltaic
performance model is presented in Fig. 4. The annual mean is
directly related to the solar radiation pattern, showing maxima over
the desert areas and minima over the Equatorial belt and mid-
latitudes (Fig. 4a), which are characterized by higher cloud cover.
The year 2000 PVE production is compared to the production
estimated by the photovoltaic performance model from satellite
and reanalysis products in the period 1996–2005 (Fig. 4b). Speci-
ﬁcally, the solar radiation is retrieved from the Meteosat First
Generation satellites [59] and T2 data from the ERA-Interim archive.
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ECHAM5-HAM shows overestimations in western Asia and north-
ern sub-Tropics, up to around 250 kWh/m2 (corresponding to about
15% of the ‘observed’ PVE) over the Sahara desert, and under-
estimations in western Europe and around the Equator, up to
around 400 kWh/m2 (about 20% of the ‘observed’ PVE) in south-
western Europe (Fig. 4b). These errors in the PVE estimation are
strongly related to the ECHAM5-HAM bias in describing the
observed SSR, though some deviations are observed in central
Equatorial Africa, where a strong overestimation of SSR is related
to a weak underestimation of PVE.
The response of PVE productivity in Europe and Africa to
the different future emissions scenarios is presented in Fig. 5.
Signiﬁcant changes related to the increase of GHG concentrations
are observed in the 2030GHG experiment (Fig. 5a). The produc-
tivity is reduced in northern Africa (around 3%), and eastern
Europe (around 6%), while an increase in the productivity beneﬁts
Table 2
2030–2000 global warming and inter-hemispheric thermal gradient [K] in the ECHAM5-HAM experiments.
Experiment Annual mean JJAS DJFM
Warming Gradient Warming Gradient Warming Gradient
2030GHG 1.3 0.7 1.1 0.2 1.5 1.1
2030CLEMFR 1.5 0.9 1.3 0.3 1.6 1.4
2030MFR 2.5 2.0 2.1 1.0 2.8 3.0
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Fig. 1. Annual mean of 2-m air temperature [K], 2030–2000 differences in ECHAM5-HAM simulations: (a) 2030GHG–2000, (b) 2030CLEMFR–2000 and (c) 2030MFR–2000.
Shadings indicate 95% signiﬁcant differences.
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southern Tropical Atlantic, and sub-Tropical North Atlantic (around
3%). A similar pattern is observed when the 2030CLEMFR experiment
is analyzed (Fig. 5b). Larger differences are observed over northern
Africa (up to 4%), sub-Tropical North Atlantic, and western Europe
(up to 5%), while the reduction over eastern Europe is not signiﬁcant.
The largest change is observed when the MFR scenario is considered,
with expected changes up to 10% (Fig. 5c). Such a strong abatement
of aerosols emissions worldwide produces a signiﬁcant positive
response in PVE productivity in southern Tropical Atlantic (up to
6%), eastern Mediterranean (up to 3%), and western Europe (up to
10%). On the other hand, a sizable reduction is observed in northern
African continent, with a peak around 6% in the Equatorial belt, and
in eastern Europe (up to 7%).
By comparing Fig. 5 to Figs. 1 and 2, the strong relationship
between PVE and solar radiation is evident, while the negative
effect of the air temperature appears weak [10]. Therefore, the
changes in the future PVE productivity may be connected to the
modiﬁcations, discussed above, in the large scale circulation
affecting cloudiness. Thus, the increase in the solar radiation and
associated PVE productivity in western Europe and the Mediterra-
nean may be related to the subsidence and consequent reduced
cloudiness produced by the strengthening of the Hadley circula-
tion in JJAS, while the concomitant reduction in eastern Europe is
related to the cloudiness associated with the storm-track in DJFM
(see Section 3.1). A similar relationship between atmospheric
circulation over North Atlantic, and SSR in the Euro-Atlantic sector
has been already documented by Chiacchio and Wild [55], and
Pozo-Vazquez et al. [56]. On the other hand, the solar radiation
and PVE decrease in northern Africa is linked to the augmented
cloudiness associated with the reinforced monsoonal activity
in JJAS.
4. PVE assessment in the present and future market and policy
context
The changes in PVE productivity, assessed in the previous
section for the 2030 time horizon, are discussed in the context
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Fig. 2. Same as Fig. 1 but for surface solar radiation [W/m2].
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of the current and near future PVE market opportunities. A com-
monly agreed measure of costs of electricity production is the
levelized cost of electricity production (LCOE), which represents the
cost at which the electricity should be generated to break even over
the lifetime of the project, or, if sold on the market, to provide a given
level of return of investment [9]. Factors inﬂuencing LCOE are the
investment expenditures, and their time pattern, operational and
maintenance costs, fuel costs (zero in the case of PVE), electricity
generation, discount rate (or costs of capital), and lifetime of the
infrastructure.
All the other factors ﬁxed, LCOE is strongly inversely linearly
dependent on energy production, but sensitivity analysis shows
that factors other than energy production have an inﬂuence of the
same order of magnitude or even larger if combined together [60].
Such an inﬂuence of factors other than energy production is well
known, for example, in the case of Europe, where governments act
on these non-physical factors in order to induce a decrease of costs
by supporting photovoltaic systems deployment. Fig. 6 shows
how the geographical distribution of the installed capacities
only partially reﬂects the actual distribution of raw irradiation
resources [61]. At least in the case of Europe, appropriate policies
have been able to overcome initial discrepancies of the order of
even 100% between some southern and central-northern coun-
tries, and are expected to be able to compensate the few percent
effects described in this paper. Moreover, photovoltaic module
costs have shown so far a clear market volume effect that has been
estimated to be consistent with a ‘rule of thumb’ of a module price
decrease of about 20% for each doubling of the global photovoltaic
installed capacity [9]. According to recent estimates [62], the
doubling of photovoltaic world capacity installed in 2013 is
expected for 2018, i.e., largely before the time horizon of the
climate induced changes investigated in this study.
In conclusion, both industrial and public policies have been
shown capable to provide comparable market opportunities for
photovoltaic systems in countries with differences in raw
resources much larger than the ones expected in next decades
from climatic effects. Moreover, technological development fore-
seen in the time horizon analyzed in this study is expected to
induce a decrease of LCOE for PVE larger than possible ﬂuctuations
caused by climatic effects. Nevertheless, these conclusions could
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be less robust if a longer time scale is investigated, where
technology learning curves could reach the stability typical of
mature technologies and, on the contrary, climatic effects could
continue to cumulate.
5. Summary and conclusions
In this work the near future (2030) productivity of PVE in
Europe and Africa is assessed by integrating climate variables
simulated by the ECHAM5-HAM model into a model for the
performance of photovoltaic systems. The climate simulations
are performed using different scenarios for future aerosols emis-
sions reduction, aiming to evaluate the sensitivity of future PVE
availability to the aerosols impact on projected climate change.
Results indicate a sizable impact of the aerosols reduction on the
future climate change, with an increase in the projected global
warming. Speciﬁcally, the increase in surface temperature and
north–south inter-hemispheric thermal gradient shifts northward
and intensiﬁes the Hadley meridional circulation, producing
augmented cloudiness and reduced solar radiation over northern
Africa, and clear sky and sunny conditions over western Europe
and the Mediterranean. Moreover, the land–sea thermal contrast
in the Euro-Atlantic sector affects the North Atlantic storm-track
favoring storminess and reducing solar radiation over northern
and eastern Europe. Thus, a signiﬁcant response in PVE produc-
tivity is observed in 2030, with the strength of the signal directly
related to the abatement of anthropogenic aerosols. Speciﬁcally, a
reduction in PVE productivity is observed in eastern Europe, and
northern Africa (up to 7% in the MFR scenario), while an increase is
observed in western Europe, and eastern Mediterranean (up to
10% in the MFR scenario). These results are consistent with the
ﬁndings by Crook et al. [15], who used the HadGEM1 and HadCM3
climate models under the IPCC SRES A1B scenario [63] to examine
how the projected changes in temperature and insolation over the
21st century will affect photovoltaic productivity. They found that
photovoltaic output is likely to increase by a few percent in Europe
and China, and decrease by a few percent in western USA and
Saudi Arabia.
The presented results demonstrate that climate modeling is a
valuable tool for investigating the future changes in PVE produc-
tivity. Indeed, PVE productivity shows sensitivity to the simulation
of different future scenarios, and a coherent relationship with the
projected future modiﬁcations in the climate dynamics. Therefore,
though market ﬂexibility and technological development are likely
to overcome any potential risk and beneﬁt coming from climate
driven changes in PVE productivity in the time horizon analyzed in
the present study, this paper encourages a broader use of climate
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models in the assessment of RE future availability. Moreover, an
improvement of the climate simulations features speciﬁc to RE
applications, e.g., the explicit computation of the diffuse irradia-
tion for photovoltaic performance models, would be desirable.
The importance of the air quality policy options in the future
climate change, and speciﬁcally for the future PVE productivity is
also highlighted. In this respect, the use of a state-of-the-art
aerosol-climate model can be considered the added value of this
Fig. 6. Top panel: solar irradiation and potential electricity production [28,48]. Bottom panel: PV installed capacity in EU-27 in 2010 [61].
M. Gaetani et al. / Renewable and Sustainable Energy Reviews 38 (2014) 706–716714
study. Indeed, the inclusion of the aerosols dynamics in climate
simulations is crucial for a correct assessment of the climate signal
and related PVE productivity, because of the impact of the aerosols
on the atmospheric dynamics and radiative balance.
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